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^purification 
T„b„lar ebon moires MMP- -*»» 

of rlnotubes have attracted attention. Nanotubes derive their band structure from the 

fflec 1) butthenrevealstheatomi S ticsofmechanicalrelaxaUon(Secs.2-3). 
6). 

1. STRESS FIELD ANALYSIS 

eVnm'/d' of stratn energy, »d formes, M. » « «- « ^— ' * 
nanotube, a yield to a pm ri* — « ^ * » * ' « 
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begins with a homogeneous nucleation of a slip by the shear stress present. A possible 
relating the Burgers vector b, stress tensor a, and the dislocation line directum n, 



(1) 

fk— eijicniffjiDi, 



Uv i -Civ,tap OT >«.aU»ns ) »b.,, with ,he components to ,1 orO^ 
With the loci coordinates x, y , and , chose, along the tube cin—rence the and 
g the local nomal to ft. surface WW - - immedtalely s,mpl, y *. 

S therefore J - , - y, and i, - «**r * *~ " fe ' el 

* while its m^«.d« is proportion.! to <he «W "burgers vee,o. 



fb = f kbk /lbl = - oWlbh - o-|b| sin 0 cos 0 = - K o |b| sin 29 



(2) 



where 9 is the angle between the Burgers vector and the crcumference of the cyhnder 
(Fig 1) In an isotropic material, the greater this force is the more energetically favorable 
is ^ nucleation of a dislocation and/or its glide in the corresponding direction. In other 
words, one can represent a uniaxial tension as a superposition of an expanse a/2, 
isotropic locally within the wall, and a shear of a magnitude c/2 directed at t 4S- to the 



3 



nanotube axis. The shear component along the Burgers vector of the dislocation is 
responsible for its glide or nucleation. 

2. DISLOCATIONS IN A GRAPHENE WALL 

Further, the graphene sheet is not isotropic, and the {101 1 } set of planes, 
reflecting its intrinsic hexagonal symmetry, determines the three preferential slip 
"planes" along the closest zigzag atomic packing, oriented at 120= to each other. (We 
will use the standard crystallographic notations, accepted in three-dimensional graphite 
for the planes and directions, interchangeable with the indexation common in the 
nanotube studies, as will appear below.) Therefore, no more than one of these planes can 
be "inert" with respect to shear (if oriented exactly along the circumference or axis, 6 = 0, 
or at 0 = 90°, so that f b vanishes in the Eq. 2), while the shear components along the other 
two are non-zero (Fig. 1) and they are prone to the slip. The corresponding "c-axis edge- 
dislocations, necessary in such slip, are indeed known in graphite. Their dislocation 
* cores consist of a 5-7 pentagon-heptagon pair, and the six possible Burgers vectors 

U l/3a<21 10> have the magnitude b - a = 0.226 nm, the lattice parameter. Therefore, the 

O primary nucleated dipole (a degenerate dislocation loop in case of 2D lattice) should have 

m a 5-7-7-5 configuration, a 5-7 attached to an inverted 7-5 core, see Fig. 2. Further, this 

Si particular arrangement of atoms is known in fullerene science. Formally, it can be 

obtained in a graphene sheet (or a nanotube wall) by a 90° rotation of a single C-C bond, 
often called Stone-Wales (SW) interchange. The energy of such a defect is high and the 
activation barrier is expected to be high, in accord to the "sessile" character of the c-axis 
edge dislocations in graphite. (One calculation with Tersoff potential estimates 
approximately 12 eV, with an appropriately higher activation barrier. Tight binding 
calculations of the barrier for a similar but inverse process indicate however only 7 eV.) 
In view of the previous discussion, the most probable direction of the formation of a 
dislocation dipole corresponds to the intrinsic slip plane with the maximum of Peach- 
Koehler force. The preferred slip direction depends on the type of nanotube, defined by 
" how the graphene strip is rolled up into a cylinder. It is specified by the vector which 
becomes the circumference, c-qai+cjaj in the basis standard for nanotubes (see Fig. 5 



in 
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further m the application). Then d=0.078 V c, 2 + c 2 2 + c,c 2 mn. and the chiral symmetry is 
conveniently described by the angle ^arctan^c^c,)], indicating how far the 
circumference departs from the leading zigzag motif. We use the same basis to present 
the Burgers vectors as the pairs of integers, (b„ b 2 ), and get from Eq. 2, 

Fb = oa iiiD 2i £ 1 ±b^ 2 ±lZ21^iJi±^lXiaiie2^i)i 
{2(b, 2 +b 2 2 +b 1 b 2 ) 1/J (c 1 2 +C2 2 +c 1 c 2 )} 

= (V3/2) [oa 3 /(nd) 2 ] [b,c, + b 2 b 2 + Vi (b,c, + b 2 c,)] (b,c 2 - b 2 c), (3) 

The max |f> I defines the most likely slip. Only the smallest Burgers vectors are 
realistic, ± (1,0), ± (1,0) or ± (1,-1), as we assumed in the last, simplified expression m Eq. 
3 Further, all non-equivalent types of nanotubes can be described by the pairs w.th 
0,c 2 < Cl limited to a wedge on the lattice within the chiral angle 0^30° With this 
constraint, by directly comparing the valuesof. !f b I one can see that the choice narrows 
down to the ± (0,1) dislocations, that is specifically oriented 5-7 defects, in the language 
common for fullerenes. 

3. STRAIN RELIEF BY THE GLIDE OF "EXTRINSIC" 5-7'S 

We can now estimate the energy gain when the.externally applied height strain in 
the nanotube is relaxed by the dislocation glide. A one-step displacement of the 5-7 
dislocations is achieved by the SW-rotation of one of the bond, namely the shoulder-bond 
on the "head-and-shoulders" outline of an isolated 5-7 shape. It can be seen that the 
corresponding step-displacement is in the direction of the Burgers vector, as it always 
must be for a conservative (no atomic diffusion, as opposed to creep) dislocation 
movements. The magnitude of this step is one lattice parameter, a. OnE interesting 
feature of such glide is due to mere cylindrical geometry of the nanotube-"monocrystal": 
the glide plane in this case is actually a helix wrapped around the nanotube wall. 
Similarly, the extra-plane is just a row of atoms also curved into a helix. The dislocation 
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line (only a monolayer long) is the local normal to the wall of the nanotube, an analog of 
c-axis [0001] in a graphite crystal. 

The force on the ± (0,1) dislocation can be found from Eq. 3 or simply by nofcmg 
that the angle between this Burgers vector and the circumference differs from the ch ir al 
angle of the nanotube by 30°, 6 = n/3 - Correspondingly, the energy release f b a 



equals, 



5E(e) = - a 2 C/2-sin (2 X+ */3>e » - 64.7-sin (2 A -+ */3>e (eV), (4) 



1 Here we used the relation a - Ce, with the graphene sheet in-plane stiffness C - 342 

g N/m derived from the Yung modulus of 1020 GPa and interlayer spacing 0.335 nm m 

S graphite. There^^ 

* the tube curvature, more important is that the energy released is proportional to the 

U applied strain, with the chirality-dependent coefficient. This allows a comparison of the 

S yield in different imperfect nanotubes containing small number of statistically onented 

«! dislocations, retained there from the growth process, but not created by the h,gh stram 

itS elf(w e call them heretic for that reason). In this case of course the clurahty 
should be understood in some average sense ,= over the large length of the molecule: 
every 5-7 insertion changes the chiral vector by one unit as will be discussed later, Sec. 5. 
Similar dependence, although with a smaller coefficient (often between one and three 
quarters, according to the Polyanyi-Semenov rule in chemical kinetics), should hold for 
the activation barriers. Summing up, and using the standard methods of the hnear 
transport theory to estimate the flux of 5-7 dislocations, one finds the relaxauon rate, 

3e/atce-sin(2*+*/3)-e, & 

The relations (4) and (5) provide the basis for the constituent equations of high- 
temperature plasticity for any nanotube-material. They indicate that the achiral tubes 
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be most resistant, while those chiral with x * 15° are the "weakest"; the armcha,r 
and zigzag are approximately the same in their resistance to static load (however, see Sec. 
4). Let us emphasize that this conclusion is drawn with the assumption that there are 
preexisting 5-7 dislocations, the extrinsic carriers of this plastic flow. 

4. NUCLEATION OF THE "INSTRINSIC" 5-7 CORES 

In case of molecularly perfect structure, with none or negligibly few 5-7 
insertions, the limiting process for the yield and failure is their nucleation, that » the 
prime Stone-Wales transformation in the pristine hexagonal wall. There are three 
energetically non-equivalent SW rotations under strain, according to the three 
orientations of the bonds, in (1,1) (-2,1) and (1,-2) directions. The, energetics for the 
tub eofgiven chirality should be compared. Topo.ogically, the SW defect is idenUcal to 
any of the two possible dipoles of dislocations, as Fig. 2 il.ustrates. Geometncally 
however, it has higher symmetry than each of the dipoles, and in order to preserve the 
* intrinsic D 2h symmetry of the SW defect, the base approximation .. to treat it as a 

u superposition-sum ofthese two dipoles: the strain in the lattice is a half-sum of the 

P strain-fields produced by each of the constitute dipoles, and so is the strain-relax*^ due 

D 

W to SW-transform, 



E(l,l) ^[E.0,0) + E (0,1)] - <njv* cos (2a) cc 4c,c 2 + c, 2 + c 2 2 



(6a) 



E(-2,l) ='/:[E.(l,0) + E + (l,-l)] *cas 0 vW[(2 ( a + 2*/3)] cc Cl 2 .2c 2 2 -2c lC2 (6b) 
E(l,-2) = KPW) + E.(l,-1)] - aujlw cos [(2(a + 4,/3)] « c 2 2 - 2 c, 2 - 2c,c 2 (6c) 



Here the integer arguments in the left-hand part specify the orientation of the SW- 
switched bonds, and the arguments in the right-hand side are the slip d.recUons. The 
subscript ( + or - ) indicates if the dislocations slip in the same or opposite d.rect.on as 
their Burgers vectors. The angle a between the (1.1) bond and the circumference ,s 
re.ated to the chirality angle, a=n/6- , For the standard representative interval Q* S 
k/6, the rotation of the (l.l)-directed bond gains more relaxat.cn, and one finds, 



= . CaSoh/4 sin (2/+ rc/6)-e, 
With this, the energy of the SW transformation can be written, 
EUe) = EswW - e-[A + B sin (2 X + nl6) + ...], 

the first term representing the formation energy in a free lattice (as mentioned in Sec. 2), 
and the important strain-dependent part contains isotropic (due to possible non-zero 
dilation in the SW) and the leading symmetry-dependent err. The numencal esUmate of 
Bisinteresting^itdefmeshowdifferentinyieldthenanotubescanb, 
of the step in the single 5-7 dislocation glide, the size of the prime slip s 0 = V, as can be 
seen by inspection of the changes in the lattice topology. Instead of a hexagonal latuce, 
Fig 3 shows a simplified version, the glide direction and a series of atonuc planes 
perpendicular to this glide. With this, we obtain from Eq. (7)B» 28.0 eV. (One can 
roughly assess the dilation term, using the evidence of 5% lower density in pentahepUte, 
thatiseffectiveareaexpansionofO.01 nm\ to be below A*20eV.) Thenumerical 
coefficient has to be treated with caution, but the more important dependence on the type 
of the nanotube follows from the symmetry. We conclude that the molecularly-perfect, 
pristine nanotubes are the strongest in their zigzag arrangement: SW transforms 
gains less relaxation energy than the similar defect in an armchair wall. 



5. CASE STUDY OF THE (10,10) MOLECULE 
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Let us consider a (10,10) nanotube, produced in almost pure form by a 
convent laser ablation method (We will also see below that this armchair type results 
in a more general scenario of relaxation.) The initial slip occurs by rotating a bond 
originally oriented along the circumference, that is a dipole t (0,1) [or equivalent* 
± (1 0)- a similar degeneracy takes place for another achiral type - zigzag - where any of 
the 'two bonds oriented at 30' to the circumference can rotate with equal probab.ht.es]. 

thetubuleazimuth(Fig.4). Once -unlocked", the SW defect can ease further relaxaUo, 
their glide in opposite directions) routes are possible, the former usually at iower and the 
latter at very high temperatures. 

Formally, both routes correspond to a further sequence of SW-switches. The 90' 

t he P enta g onsappearin g onbothside S ofacrack)andfu r ther7- 8 -8-7.,,F 1 g.4 
eventually lead to their breakage with the formation of larger openmgs, hke 



7.7 _> 7.14-7 -* 7-14-8-7 -» 7-14-8-7 -> 7-20-7 -> 



(9) 



accompanied by ^localization of the released electrons. The presence of pentagons on 
the sides of the crack can result in the curling of the edges, the breakage of the bonds at 
the crack sides, those belonging to the pentagonal rings, can lead to a pullout of 
monoatomic chains, as observed it the fast-strain fracture. If the crack, represented by 
this sequence surpasses the critical size (a molecular analog of the Griffith critena), ,t 
leads to the cleavage of the tubule. 

in the more interesting alternative, the SW-rotation of another bond divides the 5- 
7 and 7-5, as a direct mspection shows, which become the two dislocation cores separated 
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by a single row of hexagons (Fig. 4). A next similar SW-switch results in a double-row 
separatedpairoftheS-T.andsoon. Thisleads, athigh 
I ^ethenanotube- m olecule.lndeed,afurthersi^ 

5 twins glide away from each other driven by the Peach-Koehler elastic force, The.r 
sl0W Jrmall y -activatedBrownmanwal kP roceeds 

When the dislocations sweep a noticeable distance, they leave behmd a tube 
segment changed strictly following the topical rules of dislocation theory. For the 
net chiralityvectorc' one fmds(c 1 ',c 2 ') = (c 1 ,c 2 )-(b,,b 2 ), with thecorrespondmg 

of another dipole may result in further narrowing and proportional elongafon under 

every time by the Burgers vectors closest, the lin es of max^um shear (the ± 45 cn^ss 
attheend-pointofthecur^ 

molecular symmetry, which allows to identify the next state by a simple shp-force 
construction. The evolution of a (10,10) tube will be: 

I (10,10) - (10,9) - (10,8) (10,0) - (9,D or (10, < 10 > 

J, ^[(8,1) or (9.-DH (8,0) - [(7,1) or (8,-1)] - (7,0) elt 



m 
□ 
□ 

In 
w 



„ sc il to in .»= vi»ni.y of M> W. ■K»" '° "= ' PCC °" at "'"*"" ' 

am***. - *— < ta *° s SKp "' se ' d - ' 36 ' L29 ' U2 ' U6 m 

to. S <r» grows in propo-ion ad to " <» * — " " ' 

cleave at late stages. 



6. RELATED ASPECTS 
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Interestingly, such plastic flow is accompanied by the change of electronic 
structure of the emerging domains, governed by the vector (c„c 2 ): armchair tubes being 
metallic, and others - semiconducting with the different band gap values. The 5-7 pair 
separating two domains of different chirality has been proposed to be a pure-carbon 
heterojunction. Here we have shown that this electronic heterogeneity can arise from a 
mechanical relaxation: if the initial tube was metallic (armchair), the plastic dilation 
transforms it in a semiconducting types irreversibly [Sec. 5, Eq. (10)]. 

The dislocation motion in the nanotube wall differs critically from a regular three- 
dimensional case. Here we have one-dimensional objects drifting (a process both 
thermally activated and driven by the applied stress) along the well-defined helical 
trajectories. There is almost no entanglement of the dislocation lines - a usual cause of 
materials work-hardening. Principally, this low-dimensional nature makes the plastic.ty 
more "reversible" (Especially in the light of Kac theorem, the cores-twins tiffining in the 
one-dimensional compact tend to re-collide and annihilate), if the stress is removed in the 
sufficient annealing process. In the other hand, change of chirality from (c,c) toward 
zigzag type (c,0) results in a work-hardemng of entirely different nature, special for 
nanotubes only; the change in the formation and activation energies described above 
results in a significant variation of the tubule response to further load. 

A nanotube with a 5-7 dislocation core in its wall does not possess an axial 
symmetry and is expected to relax into a somewhat bent shape. For instance, the 
calculation typically shows that a junction of an (8,0) with a (7,1) tube, which requires a 
single 5-7 insertion, has an equilibrium angle up to 15°. Interesting then, an exposure of 
an even achiral nanotube to the axially symmetric tension results in a formation of two 5- 
7 dislocations, and when the tension is removed, the tube "freezes" in a somewhat 
asymmetric configuration, S-shaped or C-shaped, depending on the time of exposure, 
Fig. 6.-. Of course the symmetry is preserved statistically, since many differently distorted 
shapes can form under identical conditions. 

The issue of nanotube tensile strength is especially important: the mere 
combination of the strongest bonds in a no-edge and low defect arrangement does suggest 
a record strength per unit of weight and invites a variety of applications. Therefore 
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further theoretical analysis should be based on the kinetic theory combined with the most 
accurate modeling of the elementary steps (since kT=0.03 eV makes the kinet.cs 
sensitive) Accurate activate enthalpies and the comparison of the kinetic rates of 
different elementary steps, .will provide further details for the described mechanisms, 
their non-equilibrium thermodynamics and, in more practical terms, the strength urnUs 
and the degradation paths for fullerence nanotubes (we do not even approach here 
possible chemical attach combined with high strain). This should be done with 
appropriate care and in a due pace, "for Nature cannot be fooled". 

It is interesting to mention the evidence of almost-reversible cyclic "folding of a 
nanotube; with the reported smal. residual strain after the 16% local tension in the 
outward side of the bend. Possibly it retains a few of forced plastic imperfections, 
described above, not easily annealed at ambient temperature. In the other, more 
controllableexperiment.a^^ 

to the delamination of the layers in the multiwall nanotube, on the compression side (as 
for example in TEM images). To calculate such bending strength theoretically, we can 
use the shellmodel, with theeffective thickness h--0.08nm. Thedelam^ 
event in this case can be approximated as a buckling of an elastically-supported (C 33 0) 
plate (Fig. 7), as described by the forth-order ODE, 

Y s I s Z iv + c-0co m p t Z" + (C33/c)Z=O, 

Here c=0.34 nm, Y s h . C„, the moment of inertia V*Vl2. and Z ts the deviation of the 
outmost layer from its normal position at the distance c from the nearest neighbor. (We 
use here standard for graphite values C, ,=1 TPa and C 33 - 36 GPa, reflecting the soft van 
der Waals interlayer forces.) The first bifurcation can be found then to occur at <w - 

(hA/3c) V C„ C 33 - 26 GPa. This is an excellent agreement with the reported values 
(14 2*8.0 GPa, with the greatest detected 28.5 GPa), in spite of possible effects of the 
overall cylindrical curvature. Bifurcations are notoriously sensitive to the minor 
influences, which makes - in this case - the large spread of values an almost encouraging 

feature. 
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The analysis which is described by the invention applies concepts of macro- 
plasticity and fracture theory to carbon nanotube (CNT) response to extreme tens., It 
reveals the possibility, under very high tension and temperature, ofplastic flow wh.chat 
certain conations leads to a "quanUzed" stepwise necking: the CNT diameter changes 
by the discrete fractions, while the tube elongates in proportion. At lower temperatures, 
the relaxation begins as a brittle cleave in the azimuthal direcUon. 

The analysis may be carried out in several steps. First, the uniaxial stram p ,s 
rented as a mathematical superposiUon of a uniform expansion ******* 
LoecttotheCNTaxis). Second, we note that the shear components of h, 6 ham P htude 
sh ouldgeneratethed 1S locationdipole, The Burgers vectors in such ftp* band -band, 

theCNTaxis.TMrd,mesameshearstressforcesthesedis,ocationstose P a^ 

away from each other. The core structure of each dislocation, known as edge-nonbasal, 
eg (0111)a/3[2110],is P ear. S haped,5-7 P entagon.heptagon P air,b=0.246nm. 

in a graphite wall of a nanotube, consists of 2 heptagons and 2 pentagons. Sue d fects 
have been known to exist in C60, graphite, and in nanotubes, formed bu a stmple 90 
S rota tion of a single C-C bond. Relatively small (per 24 atoms) energy ensures low 

activationbarrieroftheirformation. This barrier is further reduced by the ten.on. 
Fourth, when this atomic arrangement is formed, it manifests a duality of bemg a 
dislocation dipole (precursor of plasticity), and/or a tmy 0.71 nm long Griffith crack 
(precursor of brittle cleave). There are two possible paths for further evoluUon, both 
involving a Stone-Wales transformation-a rotation of one of the C-C bonds. RotaUon of 
the bond adjacent to the dipole on the CNT azimuth, results in a crack growth (7-8 pa. 
forms, then 8-8, and a larger 14-whole, etc.) in a brittle scenario. The rotation of the 
external "shoulder»-bond in any of 5-7 pair leads to the separation of the dislocat.ons, 
gliding and plastic relaxation. The comparison of the energetics of these defects allows 
the type of proceeding relaxation to be mapped on a p-T diagram. Remarkably, the 
- piasticity resulting from a glide of emerging dislocations along the helical paths results m 
a certain change of helicity. More parfcularly, the helicity of the CNT section between 
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the two running away edge-dislocations differs from the initial gliding pair, and 
elongates. Further, evolution is a result of competition of the energetics (under a given p 
and T) of the glide and the birth of a new dislocation-dipole in the narrower (and 
therefore more stressed) section. 

The change of chirality from (c,c) toward zigzag type (c,0) can lead to a work- 
hardening of an entirely different nature which is specific for nanotube, The change ,n 
the formation and activation energies, presumably due to the change in the orientate of 
the hexagonal lattice with respect to the direction of tension and shear, can result m a 
significant variation of the tubule response to further load. 

In accordance with the invention, the deliberate change in nanotube helicity can 
have a profound effect on various mechanical, optica., and electronic properties and thus 
is desirable. 

7. EXAMPLE 

A (10 10) nanotube produced by a laser ablation method can be modified into a 
chiral-type (10,9) nanotube. The nanotube is exposed simultaneously to a combined high 
temperature and mechanical load. The thermal treatment can range from 1500«C to 
2500°C The thermal treatment may be enhanced by employing light irradiation, an 
electron beam, and the like. As an example, the thermal treatment can be 20WC : m the 
absence of light. This enhancement may be desirable since it is expected to significantly 
facilitate formation and glide of dislocations, responsible for the change of nanotube 
helicity. The activation barrier for the Woodward-Hoffman forbidden Stone-Wales 
rotations may be significantly reduced by photon absorption. 

The stress range of the mechanical load preferably ranges from 10 GPa to 60 GPa, 
more preferably from 10 GPa to 30 GPa. The average elastic modulus for a rope packing 
of nanotubes is typically 600 G P , The stress range of the mechanical load corresponds 
to tensile forces applied to individual tubes in the range of 0.1 micro-newtons. The above 
stress load is usually applied as a tensile stress. It should be noted, however, that the 
tensile stress may be replaced by torsion, which is capable of creating shear in another 
direction, leading therefore to a different change of nanotube helicity. 

A general relaxation path (i.e., the sequence of the helicities of the forming 
nanotube segments) can be expressed as: 
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(10,10) — * (10,9) — (10,8) — ... — ► (10,0) — [(9,1) or (10,-1)] 

— * (9,0) — [(8,1) or (9,-1)] — * (8,0)-— [(7,1) or (8,-1)] — (7,0), etc. 



The time of treatment, along with the temperature and stress values, can be altered 
to obtain the product which is desired. Typically, the time ranges from minutes to hours. 
In general, if lower temperature and stress values are used, it may be preferable to utilize 
a higher time of treatment relative to using higher temperature and stress values. 

In view of recent findings, the forming of hetero-junctions, i.e., joint nanotube 
segments with different helicities, can be of special interest since they may form 
nanoscale electronic devices with nonlinear characteristics. 

In accordance with the invention, under proper conditions, one can gradually vary 
the helicity of CNT, e.g., as presented by reaction steps 

(10,10) — (10,9) — * (10,8) — 

.... or (9,9) and so on. Th exact sequence of helicities can be identified by application of 
the Peach-Koehler formula or its analogs, to estimate which of the two possible 
dislocation pairs will be preferential [(b,-b) or the rotated by 60 degree pair(b.-b)]. This 
"necking" process, if continued, leads to an increase of local stress and final cleavage, 
with possible atomic chain pull-out at high stress rates, as it takes place in some other 
materials and in greater lengthscale. This may constitute an important technological 
application in manufacturing CNTs of different helicities. 

The change in helicities is able to change the electronic properties of the tubes. It 
is therefore remarkable and unexpected that the plastic flow in molecular scale leads to 
electrical heterogeneity, where dislocation core separates the domains of possibly metal 
and semiconductor. Another unique feature may be attributable to the lack of dislocation 
lines in 2D space. Accordingly, they do not become tangled, and one should no work- 
hardening (increase of mechanical resistance with the amount of strain), which may be 
widespread in many materials. For the same reason, the intramolecular plasticity is 
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theoretically reversible: applying the opposite strain (compression) under annealing 
conditions, one can force the dislocations to glide backward along exactly same paths and 
annihilate with their own anti-twins. 505mi6.»pp 




Fig. 1 A "clover-leaf' angular distribution of the shear stress resulting from the uniaxial 
tension (maximums at ±45°). The straight beams indicate the intrinsic glide planes in the 
hexagonal'lattice of the nanotube: armchair (A, thick solid), zigzag (Z, thin solid), and 
arbitrary chiral (C, dashed). As a result of the 5-7 glide, forced by the great strain, the 
tube changes its helicity, and the internal glide planes rotate gradually from the armchair 
(A), through a chiral (C), to the zigzag (Z) type. The relative position of the glide planes 
with respect to the shear field determines the yield resistance of the nanotube as discussed 
herein. 



Fig. 2 Stone-Wales configuration is topological^ identical to the dipole of Roscoe- 
Thomas 5-7 dislocations. Two possible choices correspond to the different glide plan! 
Geometrically SW has the symmetry higher than each of the dipoles separately. 
Correspondingly, the SW energy is estimated in Eq. 6 as a half-sum of that for the 
dipoles. 




Fig. 3 A simplified version of the honeycomb hexagonal lattice. It shows only one glide 
plane (0110), and the atomic planes perpendicular to it (2110) [In the "nanotube" 
notations these are directions-vectors (1,0) and (-1,2) correspondingly.] The spacing 
between the drawn planes is of no importance, it should of course be relaxed remotely 
from the dislocation cores to the constant equilibrium spacing, a/2 in this case. It is clear 
that the original slip - the first stone- Wales transformation - corresponds to the 
dislocation displacement by a/2 form each other, while a regular step in dislocation glide 
is always a. 




Fig. 4 A tiny "dislocation loop" nucleated in the two-dimensional wall of a nanotube is 
represented by the two opposite Burgers vectors, each corresponding to a 5-7 pair. The 
formed 5-7-7-5 configuration evolves further as either a crack (brittle cleavage) or as a 
couple of disocations gliding away along the spiral "slip plane" (plastic yield). In the 
latter case, the change of the nanotube helicity is reflected in a stepwise change of 
diameter and the corresponding variations of electrical properties. 



Fig. 5 The dynamic progression of the nanotube chirality (vector c) can be traced with 
the use of this construction. The horizontal line indicates the initial circumference 
mapping on the flat hexagonal lattice. The short arrows are the Burgers vectors of the 
generated dislocations, and are always chosen as close as possible to the ±45° with 
respect to the current c-circumference, to ensure the best energy gain. The dashed arrows 
correspond to the situations with degeneracy, when the two types of glide are equally 
probable. Also shown is the unrelaxed Stone-Wales pattern, and the standard basis 
vectors, ai and a2. 
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Fig.6 SynTmetry breaks while the nanotube does not: an exposure of a symmetnc 
achiral nanotube (a) to the strictly axial forces (at high temperature) generates a pa.r of 5- 
7 dislocations (b). After such symmetric operation is over, the forces are removed and 
the nanotube freezes in an asymmetric shape, for example S-curved (c). 



Fig 7 The most compressed external graphene layer on the inward side of the bend 
buckles while being supported by the van der Waals interactions with the rest of the 

stack. 
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